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ABSTRACT 


An experimenf was conducfed during fhe [afe spring of 1974 fo sfudy fhe 
scaffering properties of wheat in the 8~18 GHz band as a function of frequency, 
polarization, incidence angle and crop maturity. Supporting ground truth was 
collected at the time of measurement. The data indicates that cr^, the radar back“ 
scattering coefficient, is sensitive to both radar system parameters and crop charac- 
teristics particularly at Incidence angles near nadir. Linear regression analyses of 
cr° (dB) on both time and plant moisture content result in rather good correlation , as 
high as 0.9, with the slope of these regression lines being 0.55 dB/day and -0.275 
dB/% plant moisture at 9,4 GHz at nadir. Furthermore, by calculating the average 
time rate of change of (real units) it is found that o° undergoes rapid variations 
shortly before and after the wheat is harvested. Both of these analyses suggest methods 
for estimating wheat maturity and for monitoring the progress of harvest. 
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1.0 sINTRODUCTION 


For many years fhe problem of feeding fhe worlds expanding populai-ion has 
concerned bofh fhe government and civilian populace. As an aid in managing our 
food resources certain remote sensing techniques have been implemented. At the 
present time most of the civilian global sensors operate in the visible or infrared 
portion of the electromagnetic spectrum. While these sensors have displayed many 
capabilities, their use is limited to cloud free weather conditions. In studies other 
than remote sensing of cropland this dependence on clear weather" may be tolerable, 
but for dynamic targets like agricultural crops the dependence on cloud free condi- 
tions is in most cases intolerable. Because it is nearly weather independent, radar 
is being investigated as a sensor for agricultural land-use mapping. 

Earlier papers [1-8] have dealt with the backscdttering properties of certain 
agricultural targets as a function of both radar parameters and target characteristics 
in hopes of using cr°, the radar scattering coefficient, as a target identifier and as 
an aid in estimating" pertinent target properties. For a discussion of the relationship 
between target properties, system parameters and the measured backscatter the 
reader is referred to Ulaby [3], 

Nearly 2.15 million hectares of the world's cultivated land (representing 
about 16%) are planted in wheat [9] . Radar studies of wheat, however, do not seem 
to represent a proportionate part of the domestic research in the remote sensing of 
croplands. During the late spring of 1974 (May 21 through June 25) an experiment 
was conducted to study the backscattering properties of wheat as a function of system 
parameters and target properties. This report presents the results of the experiment 
which indicate a promising future for monitoring wheat growth with radar. 


2.0 MEASUREMENT PROCEDURE 

2.1 The MAS 8-18 

The radar used in this study, the MAS 8-18 (Microwave Active Spectrometer, 
8-18 GHz), is a modified version of the mobile truck-mounted spectrometer described 
by Bush and Ulaby [10], The modifications include minor antepna changes, improved 




IF fillering and Ihe use of isolalors for reflecHon reduclion. All modificalions were 
made fo provide an increased signal to noise ralio. Major sys tom parametors remain” 
ed unchanged wilh ihe excepfion of an increase in RF signal bandwidth from 400 
MHz to 800 MHz. Table I presents the pertinent system parameters,. 

2,2 Data Collection 

Backscattering measurements were made during the period of May 21 through 
July 25, 1974. Data was collected for both the like polarized (HH and W) config- 
urations at angles ranging from 0° (nadir) to 70 in 10 increments. These measure- 
ments were made at 11 frequencies in the' 8“ 18 GHz range of the instrument. 

Because of its FM character, the system inherently provided fading reduction 
by averaging in the frequency domain [11”*14]. However, due to its limited resolution 
cell size it was felt that spatial averaging was also necessary. Thus, an average of 
17 spatially independent measurements were made at 0° with the number of spatial 
measurements decreasing to 12 at 70^. The criterion for reducing the number of 
spatial measurements made at the larger angles was based on the fact that with a 
panchromatic system, return power variance decreases with incidence, angle [12- 
14]. 

The amount of variance reduction provided by frequency averaging is a direct 
function of target extent (measured radially from the antenna) . Target extent, however, 
is not necessarily the physical extent of the target but may be reduced by the range 
resolution of the system or by the skin depth of the target. In the case of wheat it is 
not possible, as will be discussed later, to experimentally estimate the degree to 
which penetration occurs. For lack of this type of information. the following approach 
was taken to estimate depth of penetration. 

The dielectric properties of several vegetation types have been measured as a 
function of plant moisture content by Carlson [15] at X-band. His results indicate 
that vegetation with 40% moisture content, (the average wheat moisture over the 
observation period) has a relative complex dielectric constant. of approximately 
e = 12.5 - 15.0. A wheat field however is a mixture of dielectrics (air and 
vegetation) so that the effective dielectric constant of the mixture is less than that 
of wheat alone. Ground measurements show that the volume of wheat occupying 
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TABLE K 


MAS 8“18 Sys^em Specifications 


Type 

Modulating Waveform 
Frequency Range 
FM sweep: Af 
Transmitter Power 

i 

Intermediate Frequency 
IF Bandwidth 
Antennas 

Height above ground 
Reflector diameter 
Feeds 

Polarization 

Incidence Angle Range 
Calibration: ' 

Internal 

Externa! 


FM-CW 
Triangular 
8“18 GHz 
800 MHz, 

10 dBm (10 rnW) 

50 kHz 
10.0 kHz 

26 m 
61 cm 

Cavity backed, log~periodic 

Horizontal transmIt-Horizontal receive (HH) 

Vertical transmit-Vertical receive (VV) 

0° (nadir )-80‘^ 

Delay Line 
Luneberg’Lens 
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3 . . 3 

1 .0 m of free space is approximafely 0.1 m . Thus as a vety crude approximaMon 
the average effective dielectric constant of the wheat~free space mixture was taken 
to be 

= 2.15 -j 0.5 


where is the relative dielectric constant of wheat and the relative dielectric 
constant of free space is taken as 1.0. Making use of e^^j-^he average skin depth 
of the target was calculated to be 2.17 cm at 13.0 GHz, the center of the 8-18 GHz 
band. Knowing the skin depth and the range resolution of the system it is possible to 
estimate the frequency spacing between two independent samples of the radar return 
[12] according to the equation; 

Afd= MHz 

where D is the target extent measured radially from the radar antenna. By dividing 
the system RF bandwidth, 800 MHz, by Af^, the decorrelation bandwidth, it is 
possible to determine the number of independent samples, N, averaged by the system 
each time a measurement was made. Multiplying N by the number of spatially 
independent measurements provides the total number of independent samples of the 
radar return after averaging. Table 2 presents 90% confidence intervals for the 
backscattering coefficient cP calculated using this approach. 


3.0 GROUND TRUTH 

Although described by Cihlor [16], the method of collecting and processing 
the ground truth presented herein will be reviewed. Soil moisture, plant moisture, 
plant height and precipitation data are presented in Figure 1 . 

3. 1 Soil Moisture 

To determine the effects of soil moisture on cr°, six soil samples were taken 
from the wheat field while scattering measurements were made. Their locations are 
shown in Figure 2. Locations 1 approximately correspond to scattering monci iramortfc 
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TABLE 2. 

Number of Spafially Discrefe Measuremen^s 
wtfh 90% Confidence Infervals of cr°(db) 
of Wheat 


Incidence Angle 


Number of Spatially 90% Confidence 

Independent Measurements Intervals (dB) 


0° 

17 

+1.8 



-2.0 

10° 

16 

+1.8 



-2.0 

0 

o 

CN 

15 

+1..1 



rl.3 

30° 

14 

+.93 



“1.1 

40° 

13 

+0.774 



-0.774 

50° 

12 

+0.622 



-0.622 

60° 

12 

+0.457 



-0.457 

o 

o 

12 

+0.403 



-0.403 
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made ai' O'^JO’^ and locaMons 2 correspond io 30°, 40° and 50° while locations 3 
correspond to 60° and 70°, At each location samples were taken at various depths 
(0-1 cm, 1-2 cm, 2-5 cm, 5-9 cm and 9-15 cm) to determine the soil moisture profile. 
Because of skin depth considerations [4] only the data from the tpp two centimeters 
were used in analysis. These 0-2 centimeter values were then averaged for each pair 
of locations. To convert from percent moisture by weight to moisture by volume, bulk 
density measurements were also taken. All soil moisture data presented herein are on' 
a volumetric basis having units of gm/cm . It should be noted that the measurement 
period (May 21 -June 25) was characterized by a high mean soil moisture (0.317 gm/cm^) 
with c^vtrorrwr. wr.l..oc being 0,40 gm/cm^ and 0.20 gm/cn? . 


3.2 Plant Moisture 

As with soils, the water content of vegetation has a direct influence on its 
dielectric properties [15] , For this reason it was necessary to collect such data. During 
each measurement period, wheat samples were obtained and processed to determine the 
plant moisture content on a wet weight basis, a measure of the fraction of plant weight 
consisting of water. While it is recognized that the effects of moisture on the dielectric 
properties of both soil ond vegetation will be influenced by the manner in which it is 
chemically bound with the plant or soil molecules, such data is not generally available. 
Thus, the plant moisture on a wet weight basis will be used in the discussions of the data 
presented . 

Of particular interest is the range of variation in plant moisture during the 
measurement period. From Figure 1 , we see that the plant moisture curve, while mono- 
tonically decreasing an average of 1 ,66% per day, had two regions during which the 
plant moisture remained somewhat constant with time (May 21-31 and June 6-12). The 
second plateau in the plant moisture curve may have been caused by the heavy pre- 
cipitation recorded during the noted period. 

Perhaps of more importance is the ripening process, the mechanism responsible 
for this consistent decrease in plant moisture. Although decreasing plant moisture is 
one measurable consequence of the ripening of the wheat,there are certainly other changes 
occurring which may not be readily measured. Thus we should bear in mind that while 
consistently decreasing plant moisture may be indicative of the maturation process, there 
are certainly other physiological and morphological processes occurring. 
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4.0 DISCUSSION OF RESULTS 

Because of the' quantity of multi-dimensional data gathered during the course of 
the experiment it is not at this time possible to discuss all of it. Rather, only a represent- 
ative portion will be presented in the body of this report with the remainder of the data 
made available In the appendices. 

4.1 Temporal Variations of 

cr ° , the radar scattering coefficient, is generally .a function of the geometric 
and dielectric properties of the target of interest. Any variation of these target pro- 
perties will normally be reflected as a change in cr^. Thus, if radar is to be^ useful as ' 
a tool in estimating crop maturity it must somehow respond with a reasonable degree of 
sensitivity to the geometrical and electrical variations a plant undergoes during its matu- 
ration process. Among the geometric changes in wheat may be variations in plant height, 
leaf structure and the appearance of the wheat head.-The most obvious dielectric variation is 
that of changing.plant moisture which is quite dramatic in the case of wheat during the 
final month of its maturity. Thus, while it is recognized that the -variations we may 
observe in cr° are a function of crop characteristics, we should also bear in mind that 
these plant characteristics are in turn dependent on the passage of time. Therefore, this 
first section on temporal variations of a° will serve, among other purposes,, to introduce 
the reader to the genera! trends in the variations of the scattering data. 

Figures 3a through 3d present the variations of with time, at an incidence 
angle of. 0° for.four frequencies, 8.6, 9.4, 13.0 and 17.0 GHz, The abscissa identifies 
the date on which each data set was recorded. Figure 3e presents the results of a linear 
regression analysis of and py on time with the number of days after May 21 being the 
independent variable. Shown are the estimated. correlation coefficients, r!, and rt„ and 
the slopes of the regression lines M ^ and My, (having. units of dB/day). The abscissa- 
scale is frequency in GHz. It should be noted that all regression analyses presented in this 
report exclude the data set taken on June25 since it was taken after harvest. 

As a general observation it Is immediately apparent that -the radar is resppnding 
to the physiological and morphological changes which occurred during the final month 
of ripening qf the wheat. At 8,6 and 9.4 GHz and both show an almost linear 
variation with time. At 13,0 and 17.0 GHz however this linear response is not quite as 
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apparent although data at these higher frequencies still exhibit a dependence on the 
passage of time. Figure 3e presents a more complete and quantifiable representation 

X X 

of these trends. We note that, rii and ry, the estimated correlation coefficients of 
a and o-y on time show a decreasing trend with frequency from approximately 0.95 
at 8.6 GHz to about 0.85 at 17 .0 GHz. This is in agreement with our earlier, more 
general observation, that the "linearity" of the variations of cr° with time undergo a 
certain amount of degradation as frequency is increased. Certainly, however, r^j^ and 

Ty remain quite high across the 8~18 GHz band. 

t f t f 

Of equal importance to and ry are Mj^ and My. These values' represent 

the slope of the regression lines and may be interpreted as a, measure of the sensitivity 

of cr° to the passage of time. Obviously a very high correlation coefficient is useless 

in a practical sense if the sensitivity of (P to temporal changes is small. The response of 
f f 

of Mj^ and My to' frequency (Figure 3e) shows a very interesting phenomenon near 
9.4 GHz, At this frequency M^ behaves in a somewhat "resonant" manner with My 
being more pronounced than M^^^. This suggests that at 9i4 GHz there' exists a certain 
characteristic or combination of wheat characteristics to which the radar is particularly 
sensitive. Whether these characteristics are of a molecular or geometric nature is not 
known but it certainly appears to merit a considerable amount of future thought and in~ 
vestigation. At frequencies above 11 .8 GHz the curves depicting M^ and My appear 
to be practically frequency and polarization independent. 

Aside from the "resonant" phenomenon occurring at 9,4 GHz, the general 
increasing trend of cP is also quite difficult to explain adequately. If the regression 
lines exhibited a negative slope it would be possible to argue that the phenomenon 
observed is due to a decreasing moisture content and thus, decreasing dielectric constant 
of the target. Since the slope is positive, such an explanation can be discarded. A 
decreasing dielectric constant does, however, imply decreasing attenuation within the 
vegetation canopy. This decrease in attenuation within the vegetation canopy would 
then allow the radar to "see" more of the generally wet underlying soil causing an 
increasing <p . Although this may be a partial explanation of the phenomenon it does 
not seem to be entirely consistent with the observed data or with the approximated 
skin depth (section 2.2). Consider, for example, the increase in by about 1 .8 dB 
between June 12 and June 17 during which the soil moisture decreased from 0.35 to 
0.18 which clearly indicates no response to soil moisture variations. Furthermore, it 
does not seem likely that either the "resonance" phenomenon, 'or polarization depen- 
dence at 9.4 GHz would result from soil conditions- alone. Also, the difference in 
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M j_] and M' y indicafes'a preferred i-argef geomefry. Visual inspecfton of hhe soil 
surface indicates- none while the wheat itself does. The wheat was sown in rows spaced 
25 cm apart such that at 0^ incidence the' wheat rows' were oriented parallel to the E 
field of a horizontally polarized' signal (see Figure 4a). At a ground range of‘5;3' meters 
(corresponding approximately to 10^ incidence) the direction of the wheat rows changed 
by 90° such that the row - E field orientation was similar to that shown in Figure 4b. 

At incidence angles greater than 10° the rows were perpendicular fo the E' field of a 
horizontally polarized signal (Figure 4c). • 


Figures 5a-e present data collected in d manner' identical to that presented in 
Figures 3a-e except the incidence angle is now 30°. It is immediately obvious that 
this data contrasts sharply with the data collected at nadir. We begin by noting the 
lack of any peaking in the (Figure ’5e) curves although it does appear that My and 
Mj^ trade roles \vith being generally higher than M y. Perhaps more striking, 
however, is the response' of the correlation coefficients r^|^ and ry. At 8.6 GHz we 
note that r^l^ indicates nearly no' consistent trends of with time although ry has a 
value of 0.675. However, a small increase in frequency to 9,4 GHz causes fo 
crease to 0,65 while ry remains nearly constant. This again suggests that the choice 
of frequency in a rather small band around 9.4 GHz may be critical in studying the 
temporal variations of the scattering properties of wheat. As we further increase frequency 
to values above 9,4 GHz we note a marked separation in rj^ and ry with being con~ 
sistently higher. This is in contrast to the 0° correlation coefficients which showed 
practically no polarization dependence at frequencies higher than 11.8 GHz', 

Again it is very difficult to even qualitatively explain this' behavior adequately 
although it should be restated that the rov/ ~ E field orientation has now, at. 30°, changed 
from that of the 0° data. Let us, however, reconsider the argument that the radar is 
responding to changes in plant attenuation. As a rough estimate of the amount of loss 
expected through the wheat we might use the measured vaiue of de Loor [T7] whose 
data. indicate? that approximately 12,5 dB total attenuation should be expected at 9.3 
GHz. If we are to expect this much loss at 9.3 GHz certainly the loss will increase 
with frequency (assuming the dielectric constant of wheat dbes not vary drastically 
with frequency) with a resulting decrease in sensitivity. Although the sensitivity.. factor 
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is less af 30° {■han at 0° we see practically no dependence of on frequency 
above 1 1 .0 GHz. These' data also seem consistent with data presented by Lundien 
[18] who measured wheat at X“band for various plant heights. His data indicate 
a large degree of plant canopy attenuation at 0°. For a 8.9 cm stand of wheat he 
measured a scattering coefficient of 1 .9 dB in contrast to -15.6 dB for a 73.7 cm 
stand. Soil moisture ranged from 15.2 to 27.7 per cent by weight. A study of , 
v/heat at other frequencies prompted his statement that "this (data) suggests that the 
Ka-, X“ and C~band results could be used to measure vegetation parameters (height, 
thickness, moisture content, etc.) and that P-band frequencies may still be used 
for soil Interrogation directly or with simple correcting factors." His statement implies 
that plant attenuation at higher frequencies results in a masking of underlying soil 
effects . 

Figures 6a-e and 7a~e present .the variations of a° with time along with linear 
regression results for 50° and 70° data. At both angles we note that neither r j,, 
r y or M j_j. My show much frequency dependence although there still seems to be 
some polarization dependence. This can be observed by the relative values of the 
correlation curves at 50° and 70°. At 50° we can see that r*^j_j is consistently, highe 
while at 70° they are generally close' to one another across the 8-18 GHz band. 

Again- it can be argued that at 50° and 70° we expect a considerable amount 
of signal attenuation through the canopy simply due to increased path length. Thus if 
we are indeed effectively measuring variations in path loss we expect a marked reductior 
in the absolute values of the M^ curves. Although we do observe a small decrease in 
and My as the incidence angle increases from 50° to 70° it is certainly not as great 
as one might- expect, even at the upper end of the frequency band. Another possible 
mechanism responsible for the general increasing trend of cr° with time is that of changing 
target geometry as the plants matured. A discussion. of this mechanism will be deferred, 
however, to a later section, 

4,2 Rate of Change of cr° 

In the preceding section it was noted that the ability to monitor the ripening 
process of wheat was greatly influenced by the choice of radar parameters; namely 
frequency, polarization and incidence angle.- In this section a second approach to 
monitoring wheat growth will be-discussed . While this approach appears to be less 
sensitive to system parameters it is not intended to replace that of section 4.1 but 
rather to complement the earlier observations. 
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As noted in section 3,2, the rote of change of plant moisture (one indicator ' 
of wheat maturity) did not remain constant throughout the observation period. Rather, 
the plant moisture sometimes remained nearly constant while at other times is decreased 
rapidly within a few days. Thus the question may be raised as to how the rate of change 
of (J° varied during the observation period. 

To answer this question the following procedure was followed. For each two 
consecutive data sets the average rate of change of ct° between those sets was calculated. 
To increase the sensitivity of these calculations all values of cr° were converted from dB 
to real values. Thus as an example the rate of change of between May 21 and 
Mav 27 was calculated as follows. At 9,4 GHz, 0°, HH polarization 

O O 

- ''H, 

Sh “ ^ = -0.04/day 

n 6 days 


Some results of this analysis are shown below in Figures 8a-8l . Different 
ordinate scales were used in these figures (8a-8l) so that the relative variations of 
S can be seen more clearly. The abscissa values represent the date midway between 
the-dates on which the two data sets of interest were taken, I’or example the value 
plotted as point May 24 represents the slopes of the line between sets taken on May 22 
and May 27, To conserve space, only a representative set of curves is shown. Three 
frequencies and four angles were chosen; 9,4, 13,0 and 17,0 GHz and 0°, 10°, 20° 
and 30° respectively. These curves seem' representative of ail frequencies from 
8“18 GHz and all angles from 0° to 30°. They are not necessarily representative of 
all data at angles greater than 30° although the trends observed between 0° and 30° 
usually persisted to 40° or 50°. 

Figures 8a~d present S curves at 9.4 GHz. At 0° (Figure 8a) we note that 
S shows a consistent, slow Increase between May 24 and June 11 . Points at June 14, 
19 and 23 howeyer depart from this behavior. Of particular interest are June 19 and 
23, for these, represent the rate of change of ct° shortly before and shortly after 
harvest. Before harvest (June 1,9) S increases sharply from its value on June 14 , 
while S. decreases even more markedly after harvest (June 23). It is also noted that 
these changes in S are greater for vertical polarization. Similar trends are observed 
at 10°, 20° and 30° (Figures 8b~d) although Sj_j shows a sharper increase at 20° on 
June 19 than Sy. 
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This effect is much more apparent in the 13.0 GHz data (Figures 8e-h), 
particularly at 0° incidence. From this figure it is seen that the variation of cP 
from day to day was apparently quite small until it was ready for harvest. During, 
the days shortly prior to harvest, cr shows an extreme dependence on the passage of 
time, particularly ct° y. The effect of harvest con again be clearly seen in these 
figures. It is noted that this trend is not quite as dramatic at angles away from 
nadir (10°, 20° and 30°) although the trend is still clearly discemable. 

Data at 17 GHz (Figures 8i-l) again exhibit similar trends. In general, 
data at all frequencies from 8“ 18 GHz and at angles between 0° and 30° indicate 
that the variations of Sy are much more pronounced than Sj_j before and after harvest 
Thus, it appears if wheat fields are monitored by. radar on a regular bas.is, that .the . 
time rate of change of a° will show a sharp increase prior to harvest followed by a 
sharp decrease immediately after harvest. 

If this is indeed the case, this type of analysis may prove to be an effective 
means' for 1} estimating the proper time of wheat harvest and 2) following the • 
progress of harvest. If harvest progress can be monitored then the problem of 
properly distributing fuel supplies for harvesting machinery and. properly distributing 
truck and rail transportation for the harvested grain can be reduced considerably. 

Another appealing aspect of this method. of interpretation is that this method 
is independent of absolute levels of o° . Thus it would not be necessary to calibrate 
(on an absolute scale) any of the existing uncalibrated imaging systems presently in 
operation nor would it be necessary to have a high degree of confidence in the 
absolute calibration of a calibrated system if such a system is used. 

4.3 Variations ot g~ With Plant Moisture 

In section 4,1 we considered two possible causes of the increasing trend of or° 
with time. The first consideration was that the changes in plant water content (and 
thus dielectric constant) are directly responsible for the variations in o-°. This argument 
has been discarded since cr° increases as plant moisture decreases which does not seem 
at all plausible B The second consideration is that a° is increasing as the radar signals are 
better able to penetrate the vegetation canopy as the plant moisture decreases. This 
argument has not yet been discarded although apparent Inconsistencies have been discussed. 
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VariaHons of cr'' with planf moisfure seem to provide additibnal informaHon, 

The reader should bear in mind thaf fhe variables, hime and planf moisture, are by 
no means independent as can be seen from Figure 1 . A consideration of plant moisture 
as a variable can however, provide some insight into the phenomena being observed. 

Consider first Figures 9a~d where cr° has been plotted versus plant moisture for 
an incidence angle of 0° at four frequencies, 8.6, 9.4, 13.0 and 17.0 GHz. Again 
the data set taken after harvest has been excluded from all regression analysis although 
the point is shown with the rest of the data. Figure 9e presents results of a linear re~ 
gression analysis of a° on plant moisture. It is interesting to compare the correlation 
coefficients obtained by regressing on plant moisture to those obtained by regressing 
on time. Comparing Figures 9e and 3e we see that |r^|>|r j as a general rule. 

This is certainly not surprising since the passage of time does not necessarily imply that 
the wheat is maturing whereas consistently decreasing plant moisture usually does imply 
a maturing crop. It should be noted, however, that the trends of r^ and r^, and 
with frequency are very comparable at 0*^ which again implies a strong dependence of 
plant moisture on time. 

Again after harvest, (plant moisture = 11%), 0 "° shows an interesting trend as 
noted in section 4.2. We can see that at 0°, a° is generally lower after harvest than 
before harvest even though the'plant moisture decreased by only an insignificant amount. 
This implies that this consistent variation of cP is probably not due to changes in plant 
moisture but rather to the dramatic change in vegetation geometry caused by the harvest. 
Since harvesting wheat, and thus-altering plant geometry, is manifested as a change in 
C7°, we should certainly consider the normal morphological changes the wheat undergoes 
during its ripening stages. Certainly these variations will not be as rapid and gross as 
those caused by -harvest but they bear consideration. We begin by noting (Figure 1) that 
from, June 6 through June 1'2 neither plant nor soil moisture varied to a significant degree. 
Plant moisture varied only 3.5 units (around 50%) while soil-moisture varied 0.02 gnr/ 
cm'^. Thus, for all practical purposes we can consider both plant and soil moisture 
constant during this time. Since the electrical properties of the target were fairly con- 
stant over this period, a change in cP would probably imply a change in plant geometry. 
At 0° (Figure ‘9a-d), data at the four frequencies under consideration all show variations 
in this region. The 9.4 GHz data, however, is the only frequency where a consistent 
increase in cP is noted during the period from June 6 through June 12, the period where 
plant and soil moisture were fairly constant. Similarly at large angles of incidence 
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(Figures 10-12) a general trend for ct° to increase during the June 6-12 period is noted. 
Thus it may be the case that these variations are due to a changing plant configuration. 
Certainly the most obvious geometrical change that occurred during the observation 
period was the appearance of the wheat heads as the plant went from a stage of vege- 
tation growth to the reproductive stage. Of particular note is the fact that the heads 
appear at the tops of the plants where they are most "visible" to the scatterometer. 

These heads continue to develop until harvest. A second effect that may occur is the 
withering process the leaves undergo as they lose moisture. Since geometry plays a 
significant role in determining the scattering properties of a particular target, this effect 
should also be considered. Furthermore, the reader should bear in mind that even though 
the linear regressions of cr° on plant moisture alone yielded reasonable correlations it is 
not necessarily plant moisture to which the radar is directly responding. This was discussed 
earlier in section 3.2 where it was noted that although consistently decreasing plant 
moisture can be indicative of a ripening crop it is only one of a host of. processes simul- 
taneously occurring during maturation. Changes in plant morphology should certainly 
be included as one of these processes although it is more difficult to quantify than plant 
moisture . 

4.4 A Further Regression Analysis of on Plant Moisture 

The customary choice of dB units to express cr*^, is usually for convenience 
since. cr° in real units can often vary by one or more orders of magnitude between 
nadir and large angles of incidence. Because plant moisture seems to be an adequate 
descriptor of plant maturity and because of the difficulty in quantifying plant geometry, 
an -empirical model has been constructed describing o® (real units) purely in terms of 
plant moisture. Our discussion in the previous section indicated that linear regression 
analysis of cr° (dB) on plant moisture generally provided quite satisfactory results. 

Hence, it was decided to express the dependence of (real units) on plant moisture 
in the form of an exponential: 

A 

cr° =A exp (B • M^) [real units] 

where.A and B are constants (for a given frequency-angle-polarization combination) 
and Mp is plant moisture in % by wet weight. Using the measured cr° (real units) and 
Mp values, an exponential regression equation was generated for each combination of 
sensor parameters. Again because of space considerations, only a portion of the results 
of this analysis will be shown. 


14 



In Figure 13 the measured data is compared to the regression curves at 8.6 GHz 
for 0° f 30°, 50° and 70°. At 0° we note that B, the coefficient of ^p/ approxi” 
mately the same value for both polarizations, whereas at the other incidence angles 
By is always larger (in magnitude) than implying that °V is more sensitive to 
variations than cr°j_j. 

Similar observations can be made at other frequencies as illustrated in Figures 
14, 15 and 16 corresponding to 9.4, 13.3 and 17.0 GHz, respectively. Based on a 
subjective judgment of the "goodness of fit" of the generated exponential curves, 
there does appear to be an exponential trend relating o° to 


4.5 g° Dependence on Soil Moisture 

Figures 17, 18 and 19 present the variations of versus soil moisture measure” 
ments corresponding to the particular angle shown (see section 3.1). Only 0° through 
20° data are, shown because it is- felt that this is where the sensitivity of g° to soil 
moisture would bermaximum. The apparent lack of dependence -of o° on;Soil moisture 
seen in these figures is not surprising in light of previous discussions which cast doubt 
on the abil ity -of radar to. penetrate, 96 cm of wheat in the 8-18 GHz band. Note that 
even over this somewhat limited range of soil moistures (approximately 0,20 to 0.40 
gms/cm^) there are variations in o° from about -1 .7 dB to 10.0 dB at 0°, 8.6 GHz, 
indicating that a mechanism other than the direct influence of soil moisture may be re- 
sponsible for the variations shown. While it is true that the attenuation .of the signal 
introduced by the plant canopy is varying with time it is expected that it would vary in 
a consistent monotonic fashion as the plant moisture varied. In other words the attenuation 
would insert monotonic bias in any data used to extract soil moisture information. 

Attempts- were; made to extract such a bias with no .definitive results obtained-. The 
lack of a wide range of soil moisture variations hindered the analysis to a significant 
degree . 


4.6 Spectral Response of o~° 

Again because of the quantity, of data collected only a general discussion of 
the spectral properties of wheat will be presented. Figures 20 through 23 present spectral 
curves of wheat between 8 GHz and 18 GHz. Four representative data sets were chosen 
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for presenfafion. The firsf set of curves. Figures 20a through 20d represent data taken on 
May 21 and are plotted at. angles of 0°, 30°, 50° and 70°. As previously noted there 
seems to be a preferred target orientation as c~ tends to be, on the average, lower 
than <Tj^ at 0°. We can also note a somewhat greater frequency dependence near 9.4 
GHz where a noticeable minimum occurs in the response. Simiarly we note a frequency an 
polarization dependence at 30°(Figure '20b) although the polarization effects become more 
pronounced. There is, however, a small tendency for Oy to increase to values somewhat 
greater than those of crpp near 13.8 GHz after being significantly lower at 8,6 GHz.- 
This is particularly noticeable at 50° where crj^ and cr^ do not vary much on an absolute 
basis but definitely exhibit the crossing effect near 12.5 GHz, Finally at 70° we note 
that oy^, while sometimes practically equal to crpp, is generally a small amount greater 
than (Tj:^. Thus, as a general observation it seems that as frequency and angle increase 
crpj- and tend to approach, cross and finally separate with being higher than 
CT|q- at 70 . 

Data taken more than two weeks further into the maturation of the wheat is 
presented in Figure 21 . At zero degrees we note a somewhat constant response of cr° 
to frequency although around 13.8,GHz oj;;p exhibits a pronounced minimum. At 30°, 
(Figure 21b) a sensitivity- of ci° to frequency near the lower frequencies is noted with 
Oy^ being 5,6 dB lower than opp at 9,4 GHz. With increasing frequency however Oj~ 
and cr^ tend to approach one another. At 50° (Figure 21c) the same effect is notice- 
able to a somewhat lesser degree and at 70° is always greater than opp (Figure 2 Id), 

Figures 22 and 23 present data taken on June 12 and June 21; June 21 being 
the final data collected before harvest. These data exhibit responses different from 
one another and different from the previous two shown. At 0° for example the June 
12 data, (Figure 22a) shows a marked tendency for Ojq° to decrease from 4.4'dB to 0.70 
dB as we scan from 8,6 GHz to 17,0 GHz. o-^has a nearly identical response. The 
June 21 , 0° data (Figure 23a) on the other hand, shows practically no consistent de- 
creasing trends although there are small undulations within the band. At 30° a completely 
different trend is noted; that being an increasing o-° for the June 21 data with a 
relatively constant o° for the June 12 data. Note also that the earlier set 
exhibits significant polarization differences while the latter shows very little. 

The response at 50° and 60° is quite similar to the 30° date in both cases with the 
earlier data somewhat constant relative to the Increasina trend in the June 21 data. 
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4,7 Angular Variations of g° 

Figures 24“26 show the May 21, June 6, 12 and 21 data plotted versus incidence 
angle at ihree- frequencies (8.6, 13.0,' 17.0 GHz) for both polarizations. Although 
it is merely the same ddta discussed earlier," this Viewpoint can be quite helpful. 

We caii" first note that at the" larger angles, the difference in the shapes of the 
o-pj- and cry curves is' quite pronounced., At dll three frequencies, cr~^ continues to 
decrease'With angle while cj^° has" a tendency to increase near the 60 ~70° region. 

This increase in- the vertical l>^ polarized scdttering coefficient can perhaps l>e explained 
by a consideration of the wheat geometry. Roughly speaking, wheat is a long, cylindri- 
cally shaped'plant which may be modeled as cj'dipole. If this’mcklel is basically correc 
then we woiJld expect the coupling between" the incident E field' vector and the vertical 
array of dipole wheafplants'to -increase’ with incidence angle. In other words, the 
projectron of- the E fife Id vector 'onto' the wheat stem will increase ’with angle resulting 
in Increased Currents in the ^h'eat and thus increased rera'diatibn by the plants. 

A second observation which should be noted is the tendency for the curves 
shown- in Figures' -24 through -26 to crowd one another in the ranges between 10° and 30° 
and between 60°and70°. This is'pdrticularly noticeable at 13.0 and 17.0 GHz. At 
angles other than those mentioned aboVe the values of ct° seem to be a bit more d'is* 
tinguishable'implyihg a greater sensitivity of cr° to targePcharacteristics , 

This is shown more clearly in Figures 27d and 27b where the linear regression 
results discussed in sections -4.1 and 4.3 are now plotted versus incidence angle, 6, 
instead of'frequency , Curves are plotted, for three frequencies, 8.6, 13.0, 17,6 GHz, 
and both polarizations. Because of the dependence of plant moisture on time, these two 
figures contain basically the same infoitnafion’and nearly identical trends. Consider 
Figure 27a. At 6°"we see that both and My are maximum. The tendency is then 
to decrease to a minimum in the 10°-30° region, increase to local maximum at 40° and 
then to decrease to a minimum at 70°. This is particularly true for the horizontally 
polarized, 8.6 GHz, data. For the vertical case we again see a tendency towards a max- 
imum at 40° but In general the sensitivity factor. My, is relatively constant when 
compared with M|_j . Again this is shown In the curves showing the angular response of 
C7° where we note a tendency toward greater separation in the a^° curves at high angles 
compared to the separation of the crj^ curves at corresponding angles. On the basis 
of this data ^this phenomenon suggests that if an imaging radar is to be used for the 
observation of wheat fields, it should work either quite near nadir or in the 40° region 
of incidence angles with vertically polarized antennas. 
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5.0 CONCLUDING REMARKS 


An experiment was conducted to measure the scattering coefficient of wheat 
during the final month of its growing season. Measurements were made at eleven 
frequencies in the 8-18 GHz band at angles from 0° to 70® from nadir. Results in- 
dicate that CT® is quite dependent on the physiological and morphological processes 
occurring during the measurement period with a® often showing an increase of more 
than 10.0 dB as the wheat ripened. Particularly notable were variations of o® with 
frequency and polarization. 

Because of many unanswered questions it is felt that further studies should 
include two additional measurements. The first measurement would be an estimate 
of plant attenuation either by a dielectric analysis of the wheat or by an in situ 
measurement of the crop attenuation itself. The second measurement would be some 
sort of quantifiable study of the wheat morphology. Both studies would be made on 
a regular basis at the time of the scattering measurements. 

Throughout the discussion of the data presented herein it was noted that the 
greater majority of information was obtained from data taken at, or very near nadir. 
Investigations of the ability of active microwave sensors to estimate soil moisture also 
indicate that incidence angles near nadir are optimum [2,4, 5, 6] (although at lower 
microwave frequencies). This is unfortunate in view of the fact that the state of the art 
operational side-looking imaging radars perform poorest at nadir due to resolution 
considerations. A recent investigation by Larson et al., however, indicates "that a 
microwave hologram imaging radar is realizable for use on an aircraft or space vehicle" 
[19] . Furthermore it is noted that the best -incidence angle for optimum operation of a 
microwave hologram radar is near nadir. In light of the potential for radar to remotely 
sense croplands such a system is very appealing , 
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Frequency: 8.6 GHz 
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Polarization: HH 
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Figure 3a. Temporal 'Variatlohs of arid (dB) 

as 'meofufed arO°v 8.6 GHz. 







Figure 3b. Temporal variaHons of oj:|° (dB) and V (dB) 
as measured at 0°, 9.4 GHz. 
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■igure 3c. Temporal variations of (dB) and Oy® (dB) 
as measured ot 0°, 13.0 GHz. 
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Figure 3e. Variations of and ry^ with frequency. M[q^, My^, and ry^ are the slopes (dB/day) and 

estimated correlation coefficients respectively, obtained by a linear regression of a~° (dB) on time (days). The 
incidence angle is 0^. 
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Figure 4. Diagram indicating the relationship between the electric field of a horizontally 
polarized signal and the wheat row direction for various incidence angles. 

Note the change of row direction which occurred at a range corresponding to 
an incidence angle of 10°. 




rigure Da. lemporal variations of (dB) and Oy® (dB) 
as measured at 30°, 8.6 GHz. 
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Figure 5b. Temporal variations of (dB) and Oy° (dB) 
as measured at 30°, 9.4 GHz. 





Figure 5c. Temporal variations of ojiij® (dB) and (dB) 
as measured at 30°, 13,0 GHz. 
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Frequency: 17.0 GHz 




Figure 5d. Temporal variations of o|:j° (dB) and (dB) 
as measured at 30°, 17.0 GHz. 
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Figure 5e. Variations of r and ry^ with frequency. and ry*" are the slopes (dB/day) 

and estimated correlation coefficients respectively, obtained by a linear regression of cr° (dB) on time (days). 
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Figure 6a. Temporal variations of (dB) and (dB) 
as measured at 50°, 8.6 GHz. 
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Figure 6c, Temporal variations of op^° (dB) and Oy° (dB) 
as measured at 50°, 13.0 GHz. 
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Frequency: 17.0 GHz 
Incidence Angle: 50° 
Polarization: HH 
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Figure 6e. VariaHons of and ryi" with frequency. My^, and ry^ are the slopes (dB/day) 

and estimated correlation coefficients respectively, obtained by a linear regression of (dB) on time (days). 
The incidence angle is 50°. 
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Figure 7a. Temporal variations of opi® (dB) and o^ (dB) 
as measured at 70°, 8.6 GHz. 
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Frequency: 9.4 GHz 



Frequency: 9. 4 GHz 



Figure 7b. Temporal variations of oj^° (dB) and oy° (dB) 
as measured at 70®, 9,4 GHz. 
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Frequency: 13,0 GHz 
c Incidence Angle; 70° 
r Polarization; HH 
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Figure 7c. Temporal variations of apjf (dB) and Oy° (dB) 
as measured at 70°, 13.0 GHz. 
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Frequency: 17.0 GHz 
Incidence Angle: 70° 
Polarization: HH 
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Figure 7d. Temporal variations of oji^° (dB) and oy° (dB) 
as measured at 70°, 17.0 GHz. 
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Figure 7e. Variations of r|..|^, and ry^ with frequency . My*", r|_j^, and ry^ are the slopes (dB/day) 

and estimated correlation coefficients respectively, obtained by a linear regression of cr° (dB) on time (days). 
The incidence angle is 70°. 





= 'AO^/At 



Time (Month/Day) 


Figure 8a. Variations of S (defined in section 4.2) with time. 
Frequency = 9.4 GHz, incidence angle = 0°. 
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Figure ab. -Variations ot b (detined in section 4 . 2 } with time, 
Frequency = 9.4 GFIz, incidence angle = 10° 
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Figure 8c. Variations of S (defined in section 4.2) with time. 

Frequency = 9.4 GHz, incidence angle = 20°. 
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Figure 8d. VariaHons of S (defined in^section 4.2) with time. 

Frequency = 9.4 GHz, incidence angle = 30°, 
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Figure 8e. Variations of S (defined in section 4.2) with time. 

Frequency =13.0 GHz, incidence angle = 0°. 
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t-igure or.- variations of S (defined in section 4.2) with time. 

Frequency = 13,0 GHz, incidence angle = 10°. 
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Frequency: 13.0 GHz 
Incidence Angle; 20° 
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Figure 8g. Variations of S (defined in section 4.2) with time. 

Frequency = 13.0 GHz, incidence angle = 20°. 






I V/oJOV = 



Figure 8h. Variations of S (defined in section 4.2) with time. 

Frequency = 1'3.0 GHz, incidence angle = 30°. 
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Figure 8i . Variations of S (defined in section 4.2) with time. 

Frequency = 17,0 GHz, incidence angle = 0°. 
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Figure 8j. Variations of S (defined in section'4,2). with time. 

Frequency = 17.0 GHz, incidence angle = 10°, 
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Figure 8k. Variations of S (defined in section 4.2) with time. 

Frequency = 17.0 GHz, incidence angle = 20°. 
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Figure 81. VariaHons of S (defined in section 4.2) with time. 
Frequency = 17.0 GHz, incidence angle = 30°. 
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Frequency: 8.6 GHz 
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Figure 9a, Variafions of (dB) and Oy° (dB) with plant moisture. 
Frequency = 8,6 GHz, incidence angle = 0°. 
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Figure 9b. Variations of (dB) and oy^ (dB) with plant moisture. 
Frequency = 9.4 GHz, incidence angle = 0°, 
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Figure 9c. Variations of (dB) and Oy° (dB) with plant moisture. 
Frequency = 13.0 GHz, Incidence angle = 0°. 
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Figure 9d. Variations of opj’® (dB) and Oy° (dB) with plant moisture. 
Frequency = 17.0 GHz, incidence angle = 0° 
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Figure 9e, Variations of Mj_|P, frequency. Mj_|P;^ slopes (dB/percent 

plant moisture) and estimated correlation coefficients respectively, obtained by a linear regression of cr°(dB) on 
plant moisture. The incidence angle is 0°. 
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Figure 10a. 


VariaHons of (dB) and Oy° (dB) with plant moisture, 
■frequency =-8.6 GHz/ Incidence angle == 30°. 
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Figure 10b. Variations of Oj;^° (dB) and oy° (dB) with piant moisture. 
Frequency = 9.4 GHz, incidence angle =30*^. 
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Frequency: 13.0 GHz 
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Figure 10c. Variations of 0 |;j° (dB) and Oy° (dB) with plant moisture. 
Frequency = ]3.0 GHz, incidence angle = 30°. 
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Frequency: 17.0 GHz 
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Incidence Angle: 30° 
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6/25 Wl 6/17 6/12 6/5 5/21 
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Figure lOd. Variations of oq° (dB) and Oy° (dB) with plant moisture. 
Frequency = 17.0 GHz, Incidence angle =30°. 
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Figure lOei Variations of and r^P with frequency. M|_|P, and ryP are the slopes (dB/percent 

plant moisture) and estimated correlation coefficients respectively, obtained by a linear regression of o“°(dB) on 
plant moisture. The incidence angle is 30°. 
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Figure 11a. Variations of (dB) and 0 ^° (dB) with plant moisture, 
Frequency = 8.6 GHz, incidence .angle = 50°. 
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Figure 11b.- yarlat,i6ns of giq"® (dB) and (dB) with plant moisture. 
Freqyenpyjjr‘9.4 GHz, Incidence angle =50°. 



Frequency; 13.0 GHz 



Time (IVlonth/ Day) 


Frequency; 13.0 GHz 



6/25 '^■6/21' • 6/17 


J-L 


6/12 f 6/6 ■■ 5/27'^5/21 

''6/10 5/31 

Time(lVlonth/Day) 

O / 1 r, \ - I ■ O 


Figure 11c. Variations' of oj^° (dB) and 0 ^° (dB)’ with plant' moisture 
Frequenc/ = 13.0 GHz, incidence angle =50°. 
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Figure lid. Variations of Ojq’° (dB) and o^° (dB) with plant moisture, 
Frequency ^ '17.0 GHz, incidence angle =50°, 
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Frequency (GHz) 

Figure lie. Variations of r|^P, and r^P with frequency. , M^P, r^^P, and r^P are the slopes (dB/percent 

plant moisture) and estimated correlation coefficients respectively, obtained by a linear reqression of'o~° (dB) on 
plant moisture'. The. incidence angle is 50°. 
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Figure 12a. Variations of 0 |;i° (dB^, and Oy° (dB) with plant moisture. 
Freauencv = 8.6 GHz, incidence angle = 70°. 
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Figure 12b. 


Time (Month/Day) 

Variations of Ojq (dB) and Oy° (dB) with 

Frequency = 9.4 GHz, incidence angle = 70°. 
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Figure izc. yan,ations;;ot apj‘°'(dB) and Oy° (dB) .wlfh p^dnt moisture. 
.Frequency.^ 13.0'GHz/- inci^dence- angle =70°. 
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Figure 12d. 


Variations of opj° (dB) and Oy° (dB) with plant moisture. 
Frequency = 17.0 GHz, incidence angle ^70°, 
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Figure 12e. Variations of ry^^with frequency. M|_|P, the slopes (dB/percent 

plant moisture) and estimated correlation coefficients respectively, obtained by a linear regression of cr° (dB) on 
plant moisture. The incidence angle is 70°. 






Figure 13a. Variafions of and (real units) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency Is 8.6 GHz and the incidence angle is 0°. 
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Figure 13b. Variations of oj^° and (real units) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 8.'6 GHz and the incIdenVe-q'ngle is 30 . 
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Figure 13c, 


• Measured 

= 0. 1138 exp (-0. 0203* ivip) (tmpiricau 

Incidence Angle: 50° 

Frequency: 8.6 GHz 
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Variations of cpj° and (real .units) with plant moisture, 
’’^he solid lines represent the nonlinear regression curve 
:orresppnding to the equation shown witkfhe figure. The. 
requency is 8.6 GHz and the incidence angle is 50°. 
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Figure 13d. ' Variations of 0 ^° and'oy'^ (redlunits) wiflr plant moisture. 

THe solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 8.6 GHz and the incidence angle is 70 . 
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Figure 14a. Variations of 0 ^° and Oy° (real units) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the . figure. The 
frequency is 9.4 GHz and the incidence angle is 0 . 
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Figure 14b. Variations of 01 ^° and Oy° (real units) with plant moisture. 
The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with, the figure . The 
frequency is 9.4 GHz and, the incidence angle is 30°. 
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Figure 14c. Variations of and (real units) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure . The 
frequency is 9.4 GHz and the incidence angle is 50°. 
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Figure 14d. Variations of and (real units) with plant moisture, 
The solid linos represenfthe nonlinear regression curve 
corresponding to the equation shown with thjs figure. The 
frequency is 9.4 GHz and the incidence' angle is 70°. 
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"ure 15a. Variations of and (real units) with plant moisture. 
The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 13.0 GHz and the incidence angle is 0°. 
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Figure 15c. Variations of oj;j° and Oy° (real unite) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 13.0 GHz and the incidence angle is 50°. 
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cdrre'spbhdihg to the equation shown with the figure. The 
frequency is' 13‘;0-GHz and the incidence angle is 70 . 







Figure 16a. Variations of oj:j^ and (real units) with plant moisture. 

The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 17.0 GHz and the incidence angle is 0°. 
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The solid lines represent t.he non iihear«. regression curve 
corresponding to the equation showniwith.^the figure. The 
frequency is- 17.0 GHz -.and the- Incidence angle is 30°. 
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Variations of CTj;;j° and OyO (real units) with plant moisture, 
The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 17,0 GHz and the incidence angle is 70°. 
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Figure 17. Measured scattering coefficient, (dB), as a function of soil moisture content by 
volume at 8.6 GHz for angles of (a) 0°, (b) 10°, and (c) 20°. 
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Figure 18. Measured scattering coefficient, (dB), as a function of soil moisture content by 
volume, at 13.0 GHz for angles of (a) 0°, (b) 10°, and (c) 20° 
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Incidence Angle: 0° 
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Figure 20. 8 ~ 18 GHz spectral response of apj° and (dB) for May 21, 1974 
at angles of (a) 0°, (b) 30°, (c) 50°, and (d) 70°. 
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Date: 5/21/74 
Incidence Angle: 50° 
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Date: 6/6/74 
Incidence Angle: 0° 



Date: 6/6/74 
Incidence Angle: 30° 
Crop Height (cm): 96 


HH Polarization 



' Frequency (GHz) 

(b) 

Figure 21 . 8 ~ 18 GHz spectral response of ap° and Oy° (d8) for June 6, 1974 
at angles of (a) 0°, (b) 30°, (c) 50°, and (d) 70° 
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Figure 22. 8 ~ 18 GHz spectral response of op'° and Oy° (dB) for June 12, 1974 
at angles of (a) 0°, (b) 30°, (c) 50°, and (d) 70°. 
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Incidence Angle: 30° 
Crop Height (cm): 82 
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Figure 23. 8 - 18 GHz spectral response of and Oy° (dB) for June 21, 1974 
at angles of (a) 0°, (b) 30°, (c) 50°, and (d) 70°. 
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Figure 24. Angular response of (o) oj;j-° and (b) Oy° at 8.6 GHz at various stages of development. 
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Figure 25. Angular response of (a) oj^’^ond 0^) of 13.0 GHz at various stages of development. 
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Figure 26. Angulor response of (o) and (b) at 17.0 GHz at various stages of development 
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Figure 27b. Variations of Mj_j*^'and with angle for .three frequencies. 

and MyP are the slopes (dB/percent plant rnoisture) of regression lines 
obtained by regressing 0 “° (dB) on plant moisture (wet weight basis). 


no 


Appendix A: Ground Tru^h Summary for 1974 Wheaf 
Scatfering Experimen^. 


bunk wot 


^ILMW 





WHEAT GROUND TRUTH 1974 



Soil 

2 

MoIsNre (g/ cm ) 

% Plant 
Moisture 

Plant Height (m) 

Daf-e 

N 

M 

F 



May 21 ■ 

0.37 

0.37 

0.36 

72 

0.90 

May 27 

0.40 

0.40 

0.40 

70 

0.96 

May 31 

0.29 

0.31 

0.31 

69 

0.96 

June 6 

0.31 

0.32 

0.35 

53 

0.96 

June 10 

0.36 

0.36 

0.36 

52 

0.96 

June 12 

0.35 

0.35 

0.35 

50 

0.96 

June 17 

0.18 

0.19 

0.20 

32’ 

0.96 

June 21 

0.32 

0.33 

0.31 

13 

0.84* 

June 25 

0.22 

0.21 

0.21 

11 

0.32 


- whea^ heads nodded 

N = near range sample 
M = medium range sample 
F = far range sample 
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APPENDIX B: Wheal Sca^^ering Coefficients, 1974. 



Averaged SigmaO Wheaf, May 21, 1974 








• 







EHB99 



HH 

13.8 

14.6 

15. <♦ 

16,2 

17. 0 

FOL Hh 

0.1 - 

3.3 -2. A 

-2.3 

-2.2 

BB 

m 



-1.5 

-2.9 

POL VV 

■O.fl - 

5.2 -3.£ 

-1.2 

0.7 





-2.5 

-2.7 


ANTENNA ANGLE 10 


FREQ 
FOL PH 



11.0 

-7.1 

11. e 

-7.6 

13,0 

-6 

13,8 

-7,1 

14.6 

-7.9 

15.4 

-4.8 

16.2 

-7.3 

17.0 

-9.5 


FOL VV 

-6.7 -10. 0 

-10.3 

-e.i 

-9.0 

-7.5 

-8.0 

-7.5 

-5.6 

-9.3 

-8.8 


ANTENNA ANCLE 20 











FREQ 

mm 

m 


11.8 

13. D 

13.8 

14.6 

15.4 

16.2 

17.0 


POL HP 

-9.H -10,5 

-10.8 

-8,1 

-8.9 

KIU 

■BjRI 






FOL V\i 

-12, 7 -13.6 

-11,2 

-12.1 

-12.1 

-10." 







ANTENNA ANCLE 30 

B 

B 









FREQ 




11.8 

13. C 

13.8 

14.6 

15.4 

16.2 

. 17.0 


POL HP 

I^H 

-12.4 

-11.6 

-13.5 

BB 

-14.1 

-13.5 

-12.5 

-14.8 

-15.2 


FOL VV 


-15.7 

-14.1 

-14,5 

BBS 

-13.4 

-12.9 

-13.4 

-14.3 

-13.0 


ANTENNA ANGLE 40 

FREQ 

■ 8 *6 9*4 

10.2 

11.0 

11,8 

13.0 

13.8 

14.6 

15.4 

16,2 

17,0 


FOL HH 

-12.2 -13.8 

-14.1 

-13.9 

-14.6 

-14.9 

-15,6 

-14'. 6 

-14.4 

-16.7 

-16.5 


FOL VV 

-15.1 -17,0 

-1670 

-16.1 

-15.7 

-1S,<- 

-15.2 

-14.0 

-15 .4 

-16.6 

-15,3 


ANTENNA ANGLE 50 











FREQ . 

8.6 9.4 

10.2 

11.0 

11.8 

13,0 

13.8 

14.6 

15.4 

16.2 

17.0 


FOL HP 

-14.0 -14.9 

-14.1 

-14.2 

-14.5 

-15.3 

-16.1 

EX19III 

-15.3 

-16.7 

-16,6 


POL VV 

-15.7 -16,1 

-15.9 

-15.9 

-15.2 

-14.7 

-15.0 

BcnJ 

-15.1 

-15 . 5 

-14.9 


ANTENNA ANGLE 60 











FREQ 

8.6 9.4 

10.2 

11.0 

11.8 

13. C 

13.8 

14.6 

15.4 

16.2 

17,0 


FOL HP 

-14.9 -16.0 

-15.4 

-15.3 

-15.4 

-14.6 

-15.3 

-14.2 

-14.3 

-15,9 

-16.0 


FOL VV 

-14.9 -16.1 

-16.9 

-15.4 

-15.7 

-14.9 

-15.2 

-13.9 

-15.1 

-16.4 

-15.7 


ANTENNA ANGLE 70 

FREQ 

8.6 9.4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17,0 


FOL HP 

-14.7 -15.6 

-14,9 

-14.5 

-15.4 

-1-..7 

-15.5 

-15.0 

-14.6 

-16.1 

-15.7 


POL VV 

-14,1 -15,2 

-15.0 

-15.2 

-14.6 

-13.9 

-14.1 

-13.3 

-14.5 

-15.9 

-14,1 



^ageb 

fOOB QUAXJ^ 
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Averaged SigmaO Whea^, May 27, 1974 


ANTENNA 

ANGLE 0 











FREQ 

8.6 9.4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

J5..4. 

16.2 

17.0 


FOU HH 
FOL VV 

-2.1 -5.7 

-1.1 -4.9 

-2.9 

-1.8 

-1,2 

-1.9 

0.4 

0.3 

-0.2 

0,6 

1.1 

1.2 

1.1 

2.0 

0 .4 
0.6 

-0.7 

-0.2 

-1.1 

0.1 


ANTENNA 

ANGLE 10 











FREQ 

6*6 9*4 


11.0 

11. 6 


13.8 

1h.6 

15.4 

16.2 

17.0 . 


FOL FF 

-7.3 -7.1 

-7.7 

-7.5 

-8.3 

-3.0 

-9.5 

-8.2 

-7.4 

-9.9 

-9.6 


POL VV 

-7.6 -8.2 

-8.4 

-10.1 

-8.9 

■ -7.0 

-7,2 

-8.8 

-7.6 

-6.0 

-8.6 


ANTENNA 

ANGL5 20 











FREQ 

8.6 9.4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 


FOL FF 
FOL VV 

-8.9 -11.1 
10. e -11,3 

-10.3 

-12.1 

-9.7 

-10.7 

-10 . 4 
-10,8 

-10.3 

-9.4 

-10.3 

-a. 7 

-9.4 

-8.0 

-9.6 

-9.9 

-11.4 

-9.8 

-11.7 

-10.0 


ANTENNA 

ANGLE 30 











FREO 

8.6 9.4 

ID. 2 

11,0 

11,8 

13. C 

13.8 

14.6 

15.4 

16.2 

17.0 


FOL FF 
FOL VV 

ID.O -11,1 
11.7 -12,8 

-11.5 

-1L.9 

-11.7 

-11.2 

-12.3 

-11,4 

-12.2 

-11.3 

-12.7 

-11.1 

-11.3 

-10.2 

-11 .0 
-10.3 

-12,1 

-12.3 

-12.0 

-11.3 


Antenna 

ANGLE 40 











FREQ 

6*6 9*4 

10. 2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 


FOL FF 

12j2 -13,2 

-12.7 

-14,6 

-15,0 

-14.5 

-14.8 

-14.2 

-12.9 

-15.4 

-14.7 


FOL VV 

13.5 -13i9 

-13.5 

-14.2 

-13.3 

-13.6 

-14.0' 

-12.7 

-13.3 

-15.2 

-14.0 


ANTENNA 

ANGLE 50 











FREQ 

6.6 9.4 

10.2 

11.0 

11.8 

13.0 

13,8 

14.6 

15.4 

16.2 

17.0 ■ 


FOL hF 
FOL VV 

15.2 -15.2 

14.3 -16.1 

-15.6 

-16.3 

-15.7 

-16.2 

-16.5 

-15.5 

-16.7 

-15.1 

-17.6 

-15.2 

-15.8 

-14.3 

-15 .9 
414.7 

-16.3 

-15.7 

-15.9 

-14.4 


antenna 

ANGLE 60 












.8,6 9.4 

10.2 

u.o 

11.8 

13.0 

13.8 

14.6 

t5,..4 

16.2 



FOL FF 
FOL VV 

15.9 -17.1 
15.0 -16.0 

-17.1 
-15. L 

-16.5 

-15.8 

-16.7 

-15.4 

-17,1 

-It. 4 

-17.3 

-15.9 

-15.7 

-15.6 
-15 .7 

-17.0 

-16.4 

-17.2 

-14.9 


antenna 

ANGLE 70 










FREQ 

8.6 9.4 

10.2 

11. Q 

11.8 

13. C 

13.8 

14.6 

15.4 

16.2 

17. C 


__F.OL_HF 

1.&a 1_=16 ,.9_^6 . e_ 

-16.. 2.. 

-J.6,.0„ 

-.15., 5„ 

^-16.5. 

.-15.1. 

-15.1 

-16.2 

-16.7 


FOL VV 

14.2 -15.8 

-IS. 3 

-15.2 

-15.0 

-14 

-14,7 

-13,6 

-13.6 

-14.6 

-13.7 
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Averaged SigmaO 


Wheaf, May 31, 1974 


ANTENNA ANGLE 0 


FREO 

8.6 9.^* 

10.2 

11.0 

11.6 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 



FOL NH 
POL VV 


-3.S 

-3.3 

-3.9 

-2.4 

-2.5 

-1.3 


m 


m 

m 

-2.4 

0.3 



antenna angle 10 

PREQ 

■HH 

^^1 

11.0 

11.8 

13. C 

13.8 

14.6 

15.4 

16,2 

17.0 



POL HH 



-4.1 

-5.6 

-6.8 

-7.9 

*6 • 3 

-6.3 

-8.6 

-8.0 



POL VV 

-3. a -5,9 

-6.9 

-6.0 

-7.8 

-7.2 

-6.7 

-5.7 

-6.5 

-8.6 

-8.6 



ANTENNA 

I ANGLE 20 












FREQ 

6 • 6 9*4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 



FOL HF 
POL VV 

-6,1 -8.3 

10,8 -11,7 

-8.0 

-10,8 

-9.0 

-11.6 

-8.2 

-9.0 

-7.7 

-9.2 

-9.2 

-9.8 

-8.2 

-9.4 

-67 6 

-9.5 

-8.9 

-11.1 

-9.1 

-10.4 



antenna 

. ANGLE 30 












FREO 

8.6 9,4 

10.2 

11,0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 



FOL HH 
FOL VV 

-9.7 -9.7 

12.7 -14,6 

-10.2 

-13.5 

-10. 8 
-13.9 

-11.3 

-12.8 

-11. ~ 
-12,4 

-12.7 

-13.5 

-12.2 

-12.4 

-10.4 

-12.2 

-12.2 

-13.7 

-13.1 

-12.4 



ANTENNA 

ANGLE 40 












FREQ 

8.6 9.4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

15.2 

17.0 



FOL HH 

11.2 -12.8 

-12.6 

-12.7 

-13.2 

-14.1 

-15.1 

-14.1 

-13.7 

-15.7 

-15.3 



FOL VV 

15.2 -16.3 

-1676 

-16.6 

-16.5 

-15.8 

-15.7 

-13.1 

-15.1 

-16.5 

-14.3 



ANTENNA 

ANGLE 50 












FREO 

8.6 9.4 

10.2 

11.0 

11.8 

m 

13.8 

14.6 

15.4 

16.2 

17,0 



FOL HH 
FOL VV 

14.5 -15.3 

17.6 -18.9 

-15.2 

-18.8 

-16.2 

-18.6 

-17.0 

-13.3 

-16.8 

-17.4 

-18.0 

-18.6 

-17.0 

-17,2 

-16.2 

-18.0 

-18.3 

-19,0 

-18.0 

-17.6 



ANTENNA 

ANGLE 60 

** 











FREQ 

8.6 9.4 

10.2 


11.8 

13,0 

13.8 

14,6 

15.4 

16.2 

17.0 



FOL hH 
FOL VV 

17.1 -19.1 
19.0 -2j.3 

-19.3 

-20,3 

-19.4 

-19.8 

-20.2 

-19.6 

-19.7 

-19.1 

-20.9 

-16.6 

-19.4 

-18.6 

-19.9 

-19.8 

-21-.0 

-20.8 

-20.7 

-16,0 



ANTENNA 

ANGLE 70 












FREQ 

8.6 9.4 

10.2 

11.0 

|nng 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 



FOL HH 

18,4 -19.4 

-19.’c 

-19.6 


-19,7 

-21.0 

-19.7 

-20,3 

-20.6 

-17.9 



FOL VV 

19.1 -20.7 

-20.3 

-19.5 


-18.4 

-19.4 

-18.1 

-19.3 

-19.9 

-18.4 
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Averaged SigmaO Whea^, June 6, 1974 


ftNTENNA 

angle 

0 




' 






FREO 

d.6 

9.4 

10.2 

11.0 

11.8 

13.0 

i3,a_ 

14.6 

15.4 

16.2 

17.0 

FOL FF 

1.9 

2. 1 

4. 0 

3.7 

3. 0 

-1.0 

-2.8 

-0.7 

2.7 

0.9 

-0.2 

FOL \IM 

2.2 

G.g 

3.2 

2.3 

3. 1 

3.2 

2.1 

3.4 

2.7 

5 .6 

1.8 

AMENNA 

ANGLE 

10 










FfiEfl 

8.0 

9.4 

10.2 

11.0 

11.8 

13. G 

13.8 

14.6 

15.4 

16.2 

17.0 

FOL HF 

-6.9 

-8.G 

• 5 

-6.C 

-10. 1 

-11.5 

-9.9 

-8.5 


-11.1 

-11.4 

FOL VV 

-9.6 - 

11.5 

-12.7 

-9.3 

-13.4 

-12.3 

-12.1 

-10 ,6 

-ii.2 

-12.9 

-11,2 

antenna 

ANQ.LE. 

20 









y 

FREQ 

8.6 

m 

-10.2 

11.0 

11.8 

13*'/ 

13.8 

14.6 

15.4 

16.2 

17.0 

FOL HH 


10.3 

-8.3 ' 

-9.3 

-8.7 

-11.7 

-12.5 

-9.1 

-9.4 

-11. 0 

-12,2 

FOL VV 


14,7 

-13.0 

-13.7 

-12.9 

-13.3 

-13.9 

-11,5 

-12.3 

-12.6 

-12.3 

antenna 

angle 

30 










FREQ 

8.P 

9.4 

10. 2 

11.0 

11.8 

13.0 

13,. 8. 

.. 14.6 

l5 .4 

15.2 

17. Q 

FOL HF 

10.9 - 

11.0 

-12.6 

-12.4 

-10.9 

-11,4 

-13.3 

-12.4 

-9.9 

-13.0 

-13.^ 

_FOL W 

13.8 - 

i6.»_6.. 

-15.6., 


- -_L2 . .7, 

-13,S„ 


-12.7. 

-13..1_ 

-13.3 

-14,2 . 

ANTENNA 

angle 

40 






FREQ 

8.6 

9.4 

10.2 

11.0 

11.8 

13. D 

13.3 

14.6 

15.4 

16.2 

17.0 

FOl FF 

13.5 - 

14.7 

-.■:14.5. 

-i4.6. 

-15.6 

-15,5 

.-15,2 

-14.5 

-14.1 

-15.5 

-16.0 

FOL UV 

15.8 - 

I”. 2 

-17.4 

-17.5 

-17.1 

-16.2 

-17. J 

-14.5 

-15 .6 

-17.3 

-15.5 

ANTENNA 

ANGLE 

50 










CREO 

8.6 

9.4 

10.2 

11.0 

11.8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 

FOL FF 

14. C - 

[GQ 

Biili 






-15.4 

-16.9 

-16.8 

FOL VV 

15.6 - 


■HI 






-16,7 

-17.5 

-16.2 

ANTENNA 

AN'GLE 

60 

' 









-EREQ - 

8.6_.. 

9-.-4 1.0.. 2 

.. 11.0- 

__ii.. e 

13.1 

.. 13. 8.. 

. 14.6 

. 15*4 

16.2 

17.0 

FOL FF 

15.1 - 

15.7 

-15.2 

-16.7 

-15 . '9 

-17.3 

-18.0 

-17.0 

-16.1 

-17.9 

-17.3 

EO.l.„VV 

.14.6_- 

lp.7 

-16.3 

-16.9 


-16.3 

.rl.4._0 

-12.7 

-13.2 

-17.3 

-16.1 

antenna 

ANGLE 

70 








FREC 

8.6 

9.4 

10. 2' 

11.0 

11.8 

13.0 

13.8 

14. ‘6 

15.4 

16.2 

17,0 

FQ.LHF • - 

1-4.7 - 

16.0 

■J5.8 

-16.4 


-16. c -17.9 

-16 .4 

-16.3 

-16.9 

-17,3 

FOL VV 

13.9 - 

15.5 

-16.1 

-16,2 

-15.9 

-15.3 

-15.9 

-14,3 

-14.9 

-15.9 



OVSOOB 
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Averaged SigmaO Wheaf , June 10, 1974 


ANTENNA ANGLE 0 


FREQ 

6.6 

9.4 

10.2 

11.0 

11.8 

13. C 

13.8 

14.6 

-15,4 

16.2 

17.0 

FOL HH 

m 


Efl 

■i 


1.9 

1.0 

1.3 

3.6 

2.4 

0.8 

FOL VV 



mi 

mmSkm 


2.9 

3.3 

3.8 

4.7 

2.2 

1.6 

ANTENNA 

ANGLE 

10 










FREO 

6.E 

9.4 


11.0 

11 ,8 

■ra 

13.8 

14.6 

15.4 

16.2 

17.0 

FOL hh 

-5.1 

-7.1 

-7.7 


-7. £ 

-7.0 

-9.4 

-6.1 

-6,5 

-7.6 

-9.1 

FOL VV 

-4.3 

-6.5 

-8.1 

-8,5 

-8.8 

-8.3 

-8,4 

-8.1 

-8,2 

-9.3 

-9.9 

ANTENNA 

ANGLE 

20 










FREQ 

8.6 

9.4 

10.2 

11.0 

11.8 

13.0 

13,8 

14.6 

15.4 

16.2 

17.0 

FOL HF 

-6.6 

-9.5 

-9,0 

-8,2 

-8,8 

-7.6 

-8.2 

-8.5 

jjjjBJffS 

-9.2 

-10.1 

FOL VV 

11.4 - 

11.8 

-10.9 

-11.9 

-11.3 

-11,3 

-10.6 

-1C. 7 


-ia.5 

-11.4 

ANTENNA 

ANGLE 

30 










FREQ 

6.6 

9.4 

10.2 

11,0 

11,8 

13.0 

13.8 

14.6 

15.4 

16.2 

17.0 



10. 0 

-9.1 

-9.4 

-10.8 

-11.1 

-11.1 

-10.2 

-10.2 

-11.7 

-11,1 



13.8 

-12.9 

-12.9 

-13.5 

-12.9 

-13. 0 

-12.4 

-12.3 

-13.2 

-13,4 


ANTENNA ANGLE '-0 


FREQ 

8.6 9.4 

10,2 11.0 11.8 13, G 

13.8 

14.6 

15.4 16.2 17.0 



POL HH 

-11.0 -12.8 

-12.6 -12.0 -13.1 -12.7 

-13.2 

-12.3 

-12.0 -14.4 -14.6 



FOL VV 

-14.3 -15.8- 

-15.1 -16.3 -15.6 -14.8 

-16.4 

-14. D 

-15.1 -16.0 -16.0 



ANTENNA ANGLE 50 







FREQ 



13.8 

14.6 

15.4 16.2 17.0 



FOL HH 
FOL VV 


-12.7 -12.9 -14.2 -13.4 
-16.5 -16.4 -16.7 -16.5 

-15.6 

-16.5 

-14.6 

-15.6 
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Averaged SigmaO 


Wheaf, June 12, 1974 
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Averaged SigmaO • Whedf; June 17, 1974 
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Averaged SigmaO Wheat-, June 21 , 1974 
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Averaged SigmdO 


Whea^ Stubble, June 25, 1974 
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